Sows that were either fat or lean at farrowing (340 or 280 g of body fat/kg BW, respectively) were offered either a low-protein (LP; 7.9% CP and 15.5 MJ DE/kg as fed) or a high-protein (HP; 19.0% CP and 15.6 MJ DE/kg as fed) diet on an ad libitum basis throughout a 4-wk lactation to test the hypothesis that the amount of milk and its composition are responsive to the supply of endogenous (body reserves) and exogenous (diet) substrates. Pigs were weighed at birth and weekly during lactation, milk yield was estimated using deuterium oxide in early ( d 4 to 8 ) and late lactation ( d 24 to 28), and milk samples were collected to determine composition in early ( d 4 to 6 ) and late lactation ( d 25 to 27). Throughout lactation, milk yield and composition were mainly associated with differences in litter size. Milk yield was about 15% higher in lean than in fat sows and in sows fed HP rather than LP, but large CV (17 to 32%) prevented these differences from attaining significance ( P > .273). The responses in milk yield were reflected in pig growth. Differences in milk composition between treatment groups were not significant; however, during early lactation there was a tendency for fat sows to produce milk with a fat content 21% higher, and a protein content 12% lower, than that of lean sows. Changes in the protein:energy ratio of milk during the course of lactation and small changes in milk yield composition collectively suggested that in early lactation, sow body composition affected milk production but, as lactation progressed, the dietary supply of precursors for milk synthesis became more important.
Introduction
Even though milk production of modern-day sows has increased substantially over the last two decades (Revell and Williams, 1993) and now approaches 10 kg milk/d for primiparous sows with large litters (> 10 pigs) (King et al., 1989; Auldist et al., 1994) , it is still only half that required to maximize the growth rate of pigs. The growth of pigs is not only limited by the amount of milk but also by its composition, and Williams (1995) has suggested that sow's milk contains approximately two-thirds of the amount of protein relative to its energy content that is necessary to support maximum lean gain and hence maximum growth of pigs.
Substrates for milk production can come from the diet (exogenous nutrients) consumed during lactation or from the sow's body reserves (exogenous nutrients). During early lactation, body reserves are more important determinants of milk yield than dietary intake, but later in lactation feed intake of the sow becomes important (Mullan and Williams, 1989) . In this experiment, the exogenous and the endogenous supply of nutrients were investigated to test the hypothesis that the amount and composition of milk are responsive to the supply of substrates. The objective was to determine the relative importance of nutrition during lactation and of the size of body reserves on the composition and yield of milk.
Substrate supply to milk was manipulated by altering the protein content of the diet offered in lactation and the animal's body reserves at the start of lactation.
Materials and Methods
Experimental Design. The experimental protocol was reviewed and approved by the Animal Ethics and Experimentation Committee of the University of Western Australia. The body composition of primiparous sows was manipulated during gestation by feeding either a low-protein (at 2.3 kg/d) or a highprotein diet (at 1.7 kg/d) so that they were either fat or lean (340 kg or 280 body fat/kg BW) at farrowing. During lactation, all sows were fed on an ad libitum basis either a low-protein ( LP; 7.9% CP, 15.5 MJ DE/ kg as fed) or a high-protein diet ( HP; 19.0% CP, 15.6 MJ DE/kg as fed). A full description of animal management and diet compositions has been reported previously (Revell et al., 1998) .
Pigs were weighed on the day of birth and treated to routine management practices that included teeth clipping, tail docking, and iron injections (200 mg/pig) within 1 d of parturition. Pigs were cross-fostered if necessary in an attempt to equalize litter size across all sows (average litter size 8.8). Because of the limited availability of pigs within 2 d of age of each other, it was necessary to cross-foster between fat and lean sows. Despite cross-fostering when possible, litter sizes varied between treatment groups: fat sows offered LP, 8.1 pigs (SE .30); fat sows offered HP, 8.0 pigs (SE .64); lean sows offered LP, 9.1 pigs (SE .55); lean sows offered HP, 9.8 pigs (SE .36). All pigs used in the experiment were weighed weekly during the 4-wk lactation, and all growth data are presented as litter growth rather than average gain of pigs. Pigs had no access to creep feed and minimal access to the sows' diets. The only source of water available to the pigs was via their mother's milk. The average duration of lactation was 30 d (SE = 0.3).
Milk Yield. Milk yield was estimated with the deuterium oxide technique described by Pettigrew et al. (1987) in early ( d 4 to 8 ) and late ( d 24 to 28) lactation. Deuterium oxide was measured directly in plasma rather than in sublimated plasma following the procedure of Glencross et al. (1997) .
Milk Collection and Measurement of Milk Composition.
To obtain milk samples with a composition that was representative of a given suckle, samples were collected immediately after a successful milk let-down (hind sample) and again at the beginning of the subsequent let-down (fore sample) as described by Atwood and Hartmann (1992) . To avoid problems with pigs cross-suckling or changing teats and to ensure that teats to be sampled were suckled, teats were selected immediately before the collection of the hind sample. Milk samples were taken in early lactation between d 4 and 6, and later between d 25 and 27. Four glands were sampled from each sow and treated as repeated measures. Depending on the teat order exhibited by the pigs, two opposing anterior and two opposing posterior glands were selected where possible. The milk samples were stored on ice and then frozen for subsequent analysis.
Milk samples were analyzed for fat, protein, and lactose content. Fat content was determined with an esterified fatty acid assay (Stern and Shapiro, 1953) , as modified by Atwood and Hartmann (1992) . The intraassay and interassay CV were 2.12 and 11.30%, respectively. Milk protein was determined with the Lowry protein assay (Hess et al., 1978) , and the intraassay and interassay CV were 3.84 and 11.22%, respectively. Milk lactose was determined with the method of Arthur et al. (1989) , with the intraassay and interassay CV being 3.29 and 12.89% for a medium-lactose quality control (52.95 g/L) and 2.70 and 7.60% for a high-lactose quality control (107.64 g/ L).
Milk samples from the first 16 sows to complete the experiment were successfully analyzed for composition, but all samples collected from the remaining sows were lost because the freezer in which they were stored defrosted and the samples became moldy. Hence, the data for milk composition presented were obtained from only 16 of the 35 sows that completed the experiment.
Statistical Analyses. The data underwent analysis of variance using SuperANOVA (Abacus Concepts, 1989) . Farrowing group, body composition at farrowing (fat vs lean), the protein content of the lactation diet (LP vs HP), and the interactions between the main effects were tested for significance. Litter size was used as a covariate in the analyses of litter growth rate, milk yield and milk composition.
Results
Pig Performance. The feeding regimen of the sows during pregnancy did not affect either the number of pigs per sow born dead or the number born alive. Fat sows produced an average of 9.0 live and 1.9 dead pigs, whereas lean sows produced 10.3 live and .9 dead pigs ( P > .11). The average birth weight of pigs was 1.4 kg (SE .03 kg) and did not differ between treatment groups.
Litter weight gain was affected by litter size ( P = .018). Over the 4-wk lactation, litters on lean sows grew 16% faster than litters on fat sows (1.92 vs 1.66 kg/d; Table 1 ), and litters on sows fed HP grew 20% faster than those on sows fed LP (1.96 vs 1.64 kg/d; Table 1 ); with CV values ranging from 18 to 24%, these differences were not significant ( P > .62). There were no interactions between body composition of sows and the protein content of the lactation diet on the weight gain of litters.
Litter weight gain during each week of lactation was subject to large within-treatment variation, with the CV ranging between 31 and 65% (mean CV = 44%). No significant effects of sow body composition or lactation diet were evident for litter weight gain during any individual week of lactation, although the effect of the lactation diet approached significance in wk 2 ( P = .07) when litters on sows fed HP grew 1.86 kg/d and those on sows fed LP grew 1.64 kg/d. Litter gain during lactation was reflected in the weaning weights of the litters. Again, the effect of litter size was significant ( P = .03), but neither sow body composition nor protein content of the lactation diet affected litter weaning weight ( P > .772). However, the weaning weights of litters from sows fed HP were 16% heavier than those of litters from sows fed LP (71.1 vs 61.2 kg/d; CV = 19 to 23%).
Milk Yield. Milk yield in early and late lactation ( P < .045) was affected by litter size, but neither sow body composition nor protein content of the lactation diet accounted for a significant amount of the variation in milk yield. The CV for milk yield of fat and lean sows ranged from 17 to 32%, and for sows fed either LP or HP the CV ranged from 21 to 28%. In early and late lactation, lean sows produced about 15% more milk than fat sows ( P > .273; Table 2 ). Offering sows HP rather than LP during lactation did not increase milk yield at any stage of lactation. However, the difference between sows fed HP and those fed LP increased from 13% in early lactation (8.25 vs 7.28 kg/d for sows fed HP and sows fed LP, respectively; P = .387; Table 2 ) to 27% in late lactation (9.17 vs 7.24 kg/d for sows fed HP and sows fed LP, respectively; P = .467; Table 2 ). When LP was fed to sows during lactation, milk yield remained steady from early to late lactation (7.28 vs 7.24 kg/d; Table 2 ), whereas when HP was fed milk yield increased by 11% from early to late lactation (8.25 vs 9.17 kg/d; Table 2 ).
There were no interactions between body composition of sows and the protein content of the lactation diet on milk yield.
Milk Composition. Early in lactation, fat sows produced milk with a higher fat concentration (58.9 vs 48.6 g/L, P = .811) but lower protein (43.3 vs 48.5 g/L, P = .265) and lactose concentration (52.1 vs 54.6 g/L, P = .528) than milk of their lean counterparts. These effects were mostly due to litter size ( P = .086 for milk lactose, P = .103 for milk protein, and P = .394 for milk fat). The calculated gross energy concentration of milk did not differ between fat and lean sows (about 4.0 MJ/L). By late lactation, the differences in milk composition between fat and lean sows were less than in early lactation (Table 3) .
During early and late lactation, sows fed HP produced milk with fat and protein concentrations between 9 and 24% higher than those in milk from sows fed LP (Table 3) , but these differences did not attain significance ( P > .394).
The protein:energy ( P:E) ratio of milk in early lactation ( d 4 to 8 ) was about 20% higher in lean than in fat sows (12.4 vs 10.4 g/MJ GE, P = .296) (Table  4) , but it was not affected by the protein content of the lactation diet. By late lactation ( d 24 to 28), the P:E ratio was the same for all sows (about 11.4 g/MJ GE), irrespective of either body composition or the protein content of the lactation diet (Table 4) . 
Discussion
Milk composition did not differ between treatment groups, which allows us to reject the hypothesis that milk composition can be altered significantly. We must also reject the notion that milk protein concentration can be increased by providing large endogenous reserves of protein or amino acids (high lean) at the start of lactation and a large supply of exogenous amino acids by means of a high-protein diet. Instead, the results support the concept that the composition of sow's milk is largely immutable and will not respond to a change in the supply of nutrients from either endogenous or exogenous sources. Sows that had large endogenous reserves of lean and were offered a high-protein diet did not produce milk with more protein. At the other extreme, sows offered the low-protein diet were able to draw upon their body reserves to maintain the composition of their milkeven those sows with low body reserves of protein at the start of lactation. This buffering capacity also extended to milk yield (volume), which seemed unaffected by the endogenous reserve (amount of lean) or the exogenous supply (dietary) of protein. Williams (1995) proposed that the composition of sows' milk evolved to enhance the survival of baby pigs. Because pigs are born with very low amounts of body fat, the high fat content of sows' milk is necessary to promote the deposition of an energy store and an insulation layer. The relatively low protein content in sows' milk may be advantageous in certain disease situations, such as when pigs have diarrhea. Any excess protein would be deaminated to urea, a diuretic, which would dehydrate pigs further.
Although no significant effects on milk composition were observed in the current experiment, it is worthwhile to note that differences between fat and lean sows, or sows fed HP and those fed LP, were frequently in the order of 15%. Using the CV measured for the concentration of milk protein from the limited number of sows for which milk composition data were available, we calculated that the number of replications needed to detect (at the 5% level of significance) a 15% difference between means would be 10 sows per treatment group (Sokal and Rohlf, 1981) . It is possible that with a larger sample size for milk composition, as we intended, the higher protein concentration (49.8 vs 43.3 g/L) and the lower fat concentration (50.8 vs 58.9 g/L) of milk from lean sows compared with fat sows in early lactation might have been detected as significant differences.
The higher protein concentration of milk from lean sows compared with fat sows, albeit not significant, was consistent with a higher P:E ratio of milk in early lactation ( d 4 to 8). This suggests that, in early lactation, lean reserves play an important role in supplying amino acids for milk protein synthesis. By late lactation, the P:E ratio of milk was similar between the lean and fat sows, suggesting that either the rate at which body protein was mobilized to supply amino acid precursors for milk protein was limited in late lactation or that dietary protein became a more important supply of amino acids for milk as lactation progressed.
The fact that differences in milk output in this study were not affected by the protein content of the lactation diet is somewhat surprising given the range in CP content that we used (7.9 to 19.0% CP). The high within-treatment variation (CV values about 20%) prevented detection of significant differences in milk yield, despite average values for milk yield differing between treatment groups by up to 2 kg/d. The magnitude of the within-treatment variation measured in the current experiment is virtually the same as that observed by Pluske et al. (1998) for sows fed different levels of feed during lactation. Eventhough the effects of the CP content of the lactation diet were not significant in the current experiment, the trend for higher milk production in sows fed highprotein diets is consistent with the data from . Those workers fed primiparous sows a range of diets during lactation that differed in protein content and found that maximum milk production was attained with a diet containing 13.3% CP, which is approximately mid way between the two diets used in the current experiment.
Despite our attempts to equalize litter size, this was not accomplished successfully because of the limited availability of pigs within 2 d of age of each other for cross-fostering. Although differences in litter size were not significant between treatment groups, this variable had a significant effect on litter growth rate and milk yield and approached significance for milk composition. Our data indicate that litter size is an important factor affecting milk production, and this is consistent with Auldist and King's (1995) review of the pigs' role in determining milk production. The close relationship between litter size and milk output across the range in sow body composition and CP content of the lactation diets used in the present study suggests the existence of a strong autocrine mechanism (Hartmann et al., 1995) for regulating milk synthesis in sows. Hence, it becomes particularly important to ensure that sows have adequate lean reserves at the start of lactation and are fed a lactation diet sufficiently high in CP when litter size is high (e.g., > 10), as frequently occurs with modern genotypes.
The greater milk output from the lean sows than from the fat sows in the current experiment, supports the work of Mullan and Williams (1989) , who demonstrated that sow body reserves are important factors affecting milk output. Those authors showed that, during the first week of lactation, sows rely on their body reserves to support the demands for milk production, but by wk 4 of lactation milk production relies more on the current level of feed intake. Mullan and Williams (1989) manipulated the size of body reserves at farrowing by altering the amount of feed during gestation; hence, sows fed the higher amounts presumably had greater reserves of both fat and lean. In the current experiment, the total size of body reserves (i.e., fat plus lean) was similar for all sows, but the relative contribution of fat and lean differed. Our current data suggest that milk production is greater for sows with large lean reserves than for those with large fat reserves.
The concept that the size of lean reserves is a critical factor in determining milk production in early lactation is supported by Kusina et al. (1995) , who altered protein intake independently of energy intake during gestation. They found that the higher the protein intake in gestation, the higher the milk production and pig growth at d 8 of lactation. This result of Kusina et al. (1995) may be explained by the fact that high levels of dietary protein during gestation increase the size of sows' lean reserves by the start of lactation and(or) increase mammary development during gestation (see later discussion) compared with sows fed low levels of protein during gestation.
The adoption of early-weaning strategies increases the need for sows to have adequate lean reserves at farrowing because the amount of milk produced and hence the rate of pig growth during a lactation of only 10 to 14 d are responsive to the size of sows' lean reserves. Appropriate feeding during gestation, therefore, is critical. demonstrated that the minimum dietary concentrations of protein required to attain maximum N retention in pregnant primiparous sows given 1.4 kg/d was 14. 2, 13.3, and 16.2% (i.e., 199, 186 , and 227 g CP/d) during early, middle, and late pregnancy, respectively. Sows in the current experiment that were fed the high-protein diet during gestation were given 265 g CP/d, which based on the data from would have supported maximum N retention throughout lactation.
Lean sows may produce more milk than fat sows of the same weight not only because they had a larger lean reserve to draw upon, but also because they may have had better mammary development. Nutrition of primiparous sows during gestation affects the number of secretory cells in mammary tissue (Head and Williams, 1991) and potential milk production (Head and Williams, 1995) . Head and Williams (1991) found that sows fed 269 g of protein per day and 24.0 MJ ME/d during gestation had four times the concentration of DNA in mammary tissue of sows fed 145 g protein per day and 38.2 MJ ME/d. Based on data from Weldon et al. (1991) , it is possible that the response in mammary development in Head and Williams (1991) was in response to energy rather than protein. Weldon et al. (1991) increased protein intake from d 75 of gestation from 218 to 330 g per day and found no effect on mammary development but found that feeding excess energy (43.9 vs 24.1 MJ ME per day) decreased total DNA, RNA, and protein in mammary parenchymal. Smits et al. (1995) , who used 11 fat and 13 lean sows, did not measure any difference in the concentration of DNA in mammary tissue between fat and lean sows. However, based on the data presented by Weldon et al. (1991) , a lack of difference in DNA concentration does not preclude a difference in total DNA content in mammary tissue. It remains possible that the fat sows in the present experiment may have had impaired mammary development, and this may have contributed to reduced milk output and a reduced drive to eat during lactation (Revell et al., 1998) .
Implications
Despite large differences in the relative contributions of body reserves and dietary intake to the supply of substrates for milk production, milk yield and composition are relatively well protected in sows. Milk production is more responsive to litter size than body fatness of the sow or the protein content of the lactation diet. Nevertheless, maximum milk production during a 4-wk lactation is attained in lean sows fed a high-protein diet during lactation. Differences in milk composition in early lactation may also be attributable to differences in sow body composition.
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